Detection, speciation, and quantification of extremely small concentrations of explosive vapors with high selectivity and sensitivity have immediate applications in many areas such as national security, forensics, and humanitarian demining[@b1]. Microfabricated chemical sensors are being actively investigated as potential sensor platforms capable of mass deployment. Despite having many advantages such as miniature size, high sensitivity, low-cost, and low power consumption, the microfabricated sensors suffer from poor chemical selectivity. Miniature sensors rely on adsorption-induced changes in physical variables such as adsorbed mass, surface stress, refractive index, resistance, capacitance, and temperature which are sensitive indicators of molecular binding. Since the changes in physical properties due to molecular adsorption are not chemically specific, sensors are usually modified with receptors (chemical interfaces) which can provide selectivity. Immobilized chemoselective interfaces, however, can only provide partial selectivity due to the unspecific nature of chemical binding; especially those based on weak intermolecular interactions such as hydrogen bonding. The interference from other chemical vapors which cause unacceptable levels of false positives is a major challenge for all sensors based on analyte interactions with immobilized chemical interfaces. Therefore, achieving chemical selectivity in a mixture of unknown chemical vapors is extremely difficult without resorting to molecular separation. Even approaches based on sensor arrays immobilized with unique chemical interfaces and subsequent analysis of array response using pattern recognition algorithms fail when it comes to ternary mixtures[@b2][@b3][@b4][@b5][@b6].

Adding to the challenge is the low vapor pressure of explosives, which severely limits the number of molecules reaching the sensor surface in an acceptable detection time which requires extremely high sensitivity. In addition, explosive vapors can be present with a variety of vapors in the sensing environment and this can interfere with the selectivity of detection. Therefore, an urgent need exists for developing techniques which are selective, sensitive and quantitative for different mixtures of explosive vapors. In order to be effective, the sensor must have the ability to differentiate between the explosive molecules and other similar compounds. For surface adsorption-based sensors, interfering chemicals which have a high vapor pressure, such as volatile organic compounds, do not cause interference since they do not adsorb well on the surface at room temperature[@b7]. However other materials with very low vapor pressure, such as different types of explosives, can cause challenges in selective detection and quantification.

Unlike sensing paradigms based on immobilized chemoselective interfaces on sensor surfaces, spectroscopic techniques based on unique molecular vibrational transitions in the mid infrared (IR) "molecular fingerprint" regime, where many molecules display characteristic vibrational peaks free from overtone, are highly selective[@b8]. Spectroscopic signal from a mixture of molecules follows the superposition principle, unless there are intermolecular interactions. This is different from sensing based on partially selective chemoselective interfaces, which fails in mixtures due to the lack of orthogonality in sensor responses. Although mid-IR absorption spectroscopy based chemical sensing offers high selectivity, it lacks sensitivity when used for detection of surface adsorbed chemicals.

Photothermal cantilever deflection spectroscopy (PCDS), which combines the extreme thermal sensitivity of a bi-material microcantilever with the high selectivity of mid-IR spectroscopy, is capable of obtaining molecular signatures of trace amounts of adsorbed molecules on the cantilever surface[@b9][@b10][@b11][@b12][@b13][@b14][@b15]. In the PCDS technique, the target molecules are first allowed to adsorb on a bi-material cantilever. During resonant excitation of target molecules using IR light, the bi-material cantilever undergoes deflection, the amplitude of cantilever deflection as a function of IR wavelength resembles the infrared absorption spectra of the adsorbed molecules. Unlike conventional IR absorption spectroscopy, in which a small intensity change is collected by cryogenically cooled mid-IR detectors in a large background with inherent laser source noise, PCDS, an "action spectroscopy", measures the photothermal effect of a small number of adsorbed molecules with a high photon flux taking full advantage of the high brightness of a quantum cascade laser (QCL) light source. Therefore, the PCDS signal strength scales with the intensity of incident photons while the noise in PCDS mainly comes from thermomechanical noise of a microcantilever. Using a high power tunable QCL, we have been able to increase the sensitivity of detection by one order of magnitude. This, therefore, lays the foundation for the enhancement of the sensitivity of detection by increasing the intensity of the excitation source.

In this report, we demonstrate the successful implementation of PCDS for selective detection and quantification of the ternary mixtures of similar explosive molecules (trinitrotoluene (TNT), cyclotrimethylene trinitramine (RDX), and pentaerythritol tetranitrate (PETN)), which represent the three most commonly found explosive classes (nitro-aromatics, nitramines, and nitrate esters) with tens of picogram resolution in ambient condition. In addition, we improve the limit of recognition (LOR), the maximum recognizable mixture composition range, by an order of magnitude (\<32:1) with a 100% recognition rate, by calibrating and analyzing PCDS spectra compared to the LOR of immobilized chemoselective interfaces-based multi-transducer array microsensors. In contrast to an immobilized chemoselective interfaces-based microsensor array, which has a relatively short operation-life due to the degradation of coating in ambient condition, resulting in the loss of selectivity and capability of the quantitative detection, the PCDS technique utilizes a very robust single microstructure without any chemoselective interfaces. Significant field applications potential is demonstrated by the selective detection and quantification of ternary mixtures of explosive molecules in ambient condition.

Results
=======

The PCDS setup used in this study is shown in [Fig. 1a](#f1){ref-type="fig"}. Inherently, the PCDS provides two orthogonal signals in a single transducer platform. The nanomechanical IR spectrum, a differential plot of the amplitude of the cantilever deflection as a function of impinging IR wavelength with and without target molecules, represents molecular signatures of the target molecules adsorbed on the cantilever surface while the resonance frequency change of the microcantilever gives real time information of adsorbed mass ([Fig. 1b](#f1){ref-type="fig"}). The bi-material microcantilever serves as an extremely sensitive thermal sensor as well as a microresonator for the detection, speciation, and quantification of ternary mixtures of the explosive molecules. When IR photons are absorbed by the explosive molecules on the cantilever surface, the explosive molecules undergo transitions from the ν = 0 ground vibrational states to the ν = 1 excited states ([Fig. 1c](#f1){ref-type="fig"}). The high frequency low density normal modes (represented on a sharp Morse potential) is coupled to the high ν excited states of other low frequency high density normal modes (one of which represented on a flat Morse potential) via intramolecular vibrational energy redistribution. Eventually, the energy is released to the phonon bath of the bi-material cantilever surface through multiple steps of vibrational energy relaxation. These nonradiative decay processes result in heating up the bi-material cantilever, generating the deflection of the cantilever.

Within certain dynamic ranges, the normalized peak amplitudes of the nanomechanical IR spectrum can be utilized to estimate the relative mass ratio of each target molecule in a mixture since the IR spectrum of a mixture is a linear superposition of individual spectra. [Fig. 2](#f2){ref-type="fig"} shows the normalized nanomechanical IR absorption spectra of TNT (black), RDX (green), PETN (red), 1:1:1 mixture of these three explosives (blue), a weighted linear superposition of individual explosive spectra (sky blue), and the Fourier transform infrared (FTIR) spectrum of the ternary mixture (orange). The PCDS spectra of the individual explosives were taken separately as references and agreed quite well with our previous report[@b15]. These spectra were acquired with a monochromatic IR source and normalized by the adsorbed mass of explosive molecules for calibration purposes. The adsorbed mass of TNT, RDX, PETN, and the ternary mixture on the cantilever was 6.78 ng, 6.44 ng, 6.99 ng, and 9.8 ng respectively, as calculated using Eq. 2. The relative mass ratio of the ternary mixture (TNT:RDX:PETN) adsorbed on the cantilever surface was estimated to be 0.36:0.1:0.54 from the mathematical fitting of PCDS spectrum of the ternary mixture with normalized PCDS spectra of individual explosive molecules. Therefore, the actual mass of TNT, RDX, and PETN on the cantilever surface was determined to be 3.53 ng, 0.98 ng, and 5.29 ng respectively. Even though the same volume for each explosive solution with same concentration was mixed, the actual mass of each explosive adsorbed on the cantilever surface was quite different due to different molecular affinity to the silicon oxide surface. Since their vapor pressures are different, desorption rates from the surface are also different[@b7].

Several distinct peaks and shoulders appeared in the ternary mixture spectrum since the mixture spectrum is a linear superposition of individual spectra (note that spectral resolution of our IR monochromator in this range is approximately 0.12 μm). The peaks at 6.06, 6.38, and 6.49 μm are due to the asymmetric stretching of the NO~2~ (nitro) group bonds while the peaks at 7.27, 7.46, and 7.82 μm are from the symmetric stretching of the same group bonds. Comparing these peaks with those of individual TNT, RDX, and PETN spectra, it is apparent that the peaks at 6.49 and 7.46 μm are from TNT, the peaks at 6.38 and 7.27 μm are from RDX, and the peaks at 6.06 and 7.82 μm are from PETN molecules[@b16][@b17][@b18][@b19][@b20]. It is interesting to note that the prominent RDX peak at 7.57 μm is not clear in the PCDS spectrum and the prominent PETN peak at 7.82 μm is missing in the FTIR spectrum due to the difference in the relative mass ratio between RDX and PETN. Other than these two differences, all of the characteristic peaks are separate and distinct, matching closely with each other. This demonstrates the capability of PCDS to distinguish between these closely related explosive molecular species. Since the peaks and shoulders are highly distinguishable, we can surmise that PCDS can detect differences between such closely related molecular species and anticipate that PCDS can distinguish between other interfering compounds and target molecules while sensing in "real world" environments.

We have improved the limit of detection (LOD) and explored the LOR of this PCDS setup by employing a tunable QCL as a powerful IR source. [Fig. 3a](#f3){ref-type="fig"} presents the normalized peak amplitude of RDX at 7.57 μm (green squares) and the standard deviation of spectrum noise in a non-absorbing region (violet circles) as a function of the incident laser power. The inset shows the magnified view of the standard deviation of noise. The straight lines are the linear fit of the normalized peak amplitudes and the standard deviation of noise. Although the noise increased when increasing the incident laser power, the PCDS signal enhancement dominated and consequently signal-to-noise ratio (SNR) increased in our tested power range. [Fig. 3b](#f3){ref-type="fig"} shows normalized PCDS spectra of TNT (black), RDX (green), and PETN (red) acquired with the same cantilever using the maximum power of QCL in our tested range with a 5 nm spectral resolution. The peaks between 7.1 and 8.0 μm are from the symmetric stretching vibration of the NO~2~ (nitro) group bonds with carbon (C--NO~2~) in TNT (7.46 μm); nitrogen (N--NO~2~) in RDX (7.57 μm); and oxygen (O--NO~2~) in PETN (7.82 μm), respectively. The peak amplitudes at 7.46, 7.57, and 7.82 μm for TNT (black squares), RDX (green triangles), and PETN (red circles) were plotted as a function of adsorbed mass of each explosive molecule in [Fig. 3c](#f3){ref-type="fig"} to explore the LOD of the PCDS setup. The straight lines are the linear fit of the peak amplitudes for TNT (black), RDX (green), and PETN (red) respectively. It was estimated that the limit of detection for TNT, RDX, and PETN is 39 pg, 28 pg, and 79 pg, respectively with an SNR of 3.

The concept of a LOR was introduced more than a decade ago and is well established as an additional criterion for evaluating the performance of a vapor sensor array[@b21]. Originally, LOR was defined as the maximum recognizable mixture composition range which can be reliably determined from the response pattern of a sensor array. This is especially important in the speciation of vapor mixture components. To estimate the LOR of our PCDS setup, 15 ternary mixtures of standard explosives samples were prepared using varying volume ratios of each standard sample solution. [Fig. 4a](#f4){ref-type="fig"} shows the normalized PCDS spectra of ternary mixtures (TNT:RDX:PETN) of explosives with the volume ratio of the TNT sample solution increasing from 1:1:1 to 15:1:1. The intensity of a peak is directly proportional to the adsorbed mass. The actual masses of TNT, RDX, and PETN on the cantilever surface were determined with the total adsorbed mass from the resonance frequency shift measurements and the estimated relative mass ratios obtained from the mathematical fitting of the PCDS spectra of the ternary mixtures with linear superpositions of normalized PCDS spectra of individual explosive molecules. A representative fitting result is provided in [Supplementary Information](#s1){ref-type="supplementary-material"}. In a similar manner, the normalized PCDS spectra of ternary mixtures of explosives with increasing RDX and PETN concentrations ([Fig. 4b and 4c](#f4){ref-type="fig"}) were analyzed and the relative mass ratios were plotted with respect to the relative mass ratio of increasing explosives as shown in [Fig. 4d](#f4){ref-type="fig"}. It was estimated that the LOR based on the LOD of our PCDS setup for TNT to RDX is 32:1 and RDX to TNT is 31:1 with an SNR of 3 which ensures there are no false positives or negatives. The LOR for TNT to PETN is 23:1 and PETN to TNT is 32:1; the LOR for RDX to PETN is 30:1 and PETN to RDX is 26:1 with the same SNR.

The results demonstrate that the PCDS technique using a very robust single microcantilever transducer without any chemical interfaces overcomes the LOR of immobilized chemoselective interfaces-based multi-transducer array microsensors up to an order of magnitude[@b6] and achieves room temperature reversibility without leading to unacceptable levels of false positives or negatives.

Discussion
==========

The relationship between adsorbed mass and resonant frequency shift is given by[@b22] where *Δm* is the mass of the adsorbate and *m~0~* is the mass of the clean cantilever. *E~0~*, *t~0~*, and *f~0~* are the initial values of the Young\'s modulus, thickness and resonance frequency of the cantilever, respectively. *ΔE, Δt,* and *Δf* are the changes in the Young\'s modulus, thickness, and resonance frequency of the cantilever, respectively. In this study, if the changes in thickness and Young\'s modulus are negligible and explosive molecules are considered uniformly adsorbed on the surface, then Eq. 1 can be simplified to: Using this equation, the adsorbed mass of explosives on the cantilever is determined.

In PCDS, the amplitude of cantilever deflection depends on the impinging power of IR, the IR absorption mode and the amount of adsorbed molecules as well as the thermal sensitivity of the cantilever[@b15]. Although the PCDS signal can be further increased by enhancing the thermal sensitivity of the microcantilever as well as by increasing the impinging power of IR, we should take thermomechanical noise, a dominant noise source for PCDS, into account in order to evaluate SNR which determines the limit of detection[@b23][@b24]. The root mean square amplitude of cantilever deflection from thermomechanical noise at well below the resonance frequency is given by[@b25] where *k~B~* is the Boltzmann constant, *T* is the absolute temperature, *B* is the measurement bandwidth, *Q* is the quality factor, *k* is the spring constant, and *ω~0~* is the angular resonance frequency of the cantilever. Although the thermomechanical noise increases when increasing the incident IR laser power due to heating effect, the maximum temperature rise in the cantilever is linearly proportional to the incident laser power as detailed in [Supplementary Information](#s1){ref-type="supplementary-material"}. Therefore, thermomechanical noise grows slower than the PCDS signal shown in [Fig. 3a](#f3){ref-type="fig"} and consequently SNR increases.

The LOR for the PCDS setup also can be further extended by using broadly tunable QCLs ranging from 5.5 μm to 8.0 μm which covers the asymmetric and symmetric stretching vibrations of the NO~2~ (nitro) group bonds in explosive molecules. The more characteristic peaks of analytes we have, the wider the range of recognizable mixture composition we can expect to achieve. With the advent of miniature IR sources, it is possible to decrease the size of the device into a handheld one. Therefore, significant field application potential is anticipated by miniaturizing a broadly tunable IR source and readout electronics which are integrated into a microcantilever sensor system.

We have observed that, although the positions of the absorption peaks in the PCDS spectra agree closely with those in conventional IR spectra, the relative intensities of the observed PCDS peaks do not[@b15]. We reasoned that, unlike conventional IR absorption spectroscopy which measures the molecular IR absorption following the Beer-Lambert law, PCDS signals come from the nonradiative decay-induced thermal variation of the cantilever as a result of molecular IR absorption and multi-step coupling of the vibrational excited states of surface adsorbed molecules to the phonon bath of the cantilever through intramolecular vibrational energy redistribution and vibrational energy relaxation. Therefore, the differences between the relative peak intensities of PCDS and conventional IR spectra could be used for quantifying the vibrational dynamics of the adsorbed molecules and the energy transfer processes on the surface.

Methods
=======

Chemicals
---------

Three standard explosive samples (TNT, RDX, and PETN) were purchased from AccuStandard, Inc. (New Haven, CT) and used without further purification. As indicated by the manufacturer, the standard concentration of each explosive is 1 mg/mL.

Preparation of a microcantilever
--------------------------------

Rectangular silicon cantilevers (CSC12-E) were obtained from MikroMasch USA (San Jose, CA). The dimension of each cantilever was 350 μm in length, 35 μm in width, and 1 μm in thickness. The microcantilevers were cleaned by rinsing with acetone, ethanol, and a UV ozone treatment then coated with 10 nm of chromium (adhesion layer) followed by 200 nm of gold using an e-beam evaporator. The individual explosive and ternary mixtures (by volume of standard sample solution) of explosive molecules (TNT, RDX, and PETN) were deposited on a microcantilever sequentially using micro glass capillaries and the cantilever was completely regenerated by UV ozone cleaning following each measurement.

The PCDS experimental setup
---------------------------

For the PCDS experiments, the explosives-deposited cantilever was mounted on a stainless steel cantilever holder which was attached to the head unit of MultiMode atomic force microscope (AFM) (Bruker, Santa Barbara, CA). The deflection and resonance frequency of the microcantilever were measured using the optical beam deflection method with a laser diode and a position sensitive detector. The IR radiation from the monochromator (Foxboro Miran 1A-CVF) was mechanically chopped at 80 Hz and focused on the cantilever. The IR wavelength was scanned from 2.5 μm to 14.5 μm (4000 cm^−1^ to 690 cm^−1^ in wavenumber) and has a resolution of 0.05 μm at 3 μm, 0.12 μm at 6 μm, and 0.25 μm at 11 μm according to the manufacturer. The 200 kHz pulsed IR radiation with 10% duty cycle from the QCL (Daylight Solutions, UT-8) was electrically burst at 80 Hz using a function generator DS345 (Stanford Research Systems, Sunnyvale, CA) and directed to the cantilever. The laser power was measured with a FieldMax II laser power meter (Coherent Inc., Santa Clara, CA). The IR wavelength was scanned from 7.1 μm to 8.3 μm (1408 cm^−1^ to 1204 cm^−1^ in wavenumber) with a spectral resolution of 5 nm. The nanomechanical IR spectra were taken using a SR850 lock-in amplifier (Stanford Research Systems, Sunnyvale, CA) and the resonance frequencies of the microcantilever were measured with a SR760 spectrum analyzer (Stanford Research Systems, Sunnyvale, CA).

FTIR microscope
---------------

The ternary mixture of explosive molecules on the microcantilever chip was characterized using a standard FTIR technique as a reference. Two (2) microliters of 1:1:1 mixture solution was drop-cast onto the microcantilever chip, and the FTIR spectra were obtained using an FTIR microscope (Nicolet Continuμm FTIR microscope) in reflection mode. The number of registered scans was 200 with resolution of 4 cm^−1^.
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![Illustration of two orthogonal signals acquired by photothermal cantilever deflection spectroscopy (PCDS).\
(a) Schematic drawing of the PCDS setup. (b) The nanomechanical IR spectrum represents molecular signatures of target molecules adsorbed on the cantilever surface and resonance frequency change of the microcantilever gives the real time information of adsorbed mass. (c) A bi-material microcantilever, which is a robust microstructure without any immobilized chemoselective interfaces, is employed as an extremely sensitive thermal sensor as well as a microresonator. During resonant excitation by IR photons, the molecules undergo transitions from ground vibrational states to excited vibrational states. Since the density of states is very high, there exist multiple paths for relaxation in a nonradiative fashion. The nonradiative decay process-induced phonons result in heating of the bi-material cantilever.](srep01111-f1){#f1}

![Normalized PCDS spectra of TNT (black), RDX (green), PETN (red), and a 1:1:1 mixture (blue) by volume of each standard sample solution of TNT, RDX, and PETN on the cantilever, a mathematically fitted IR spectrum of the mixture (sky blue) and FTIR spectrum of the ternary mixture (orange) on the cantilever chip.\
The peaks at 6.49 and 7.46 μm are from TNT (black arrows), the peaks at 6.38 and 7.27 μm are from RDX (green arrows), while the peaks at 6.06 and 7.82 μm come from PETN (red arrows). Both PCDS and FTIR spectrum of the ternary mixture clearly show several characteristic peaks at the position indicated by the arrows.](srep01111-f2){#f2}

![Limit of detection (LOD) for the explosive molecules.\
(a) Normalized peak amplitude of RDX at 7.57 μm (green squares) and the standard deviation of spectrum noise in a non-absorbing region (violet circles) as a function of the incident QCL power. The inset shows the magnified view of the standard deviation of noise. The straight lines are the linear fit of the normalized peak amplitudes of RDX (green) and the standard deviation of noise (violet). (b) Normalized PCDS spectra of TNT (black), RDX (green), and PETN (red) acquired with the same microcantilever with a spectral resolution of 5 nm. (c) The peak amplitudes at 7.46, 7.57, and 7.82 μm for TNT, RDX, and PETN, respectively, are plotted as a function of adsorbed mass of each explosive molecule with the error bar corresponding to the standard deviation. The straight lines are the linear fit of the peak amplitudes for TNT (black), RDX (green), and PETN (red), respectively. The LOD for each explosive molecule is determined at the intersection of the straight line and the minimum peak amplitude for each explosive with a signal-to-noise ratio of 3.](srep01111-f3){#f3}

![Limit of recognition (LOR) for the explosive molecules.\
(a) Normalized PCDS spectra of ternary mixtures (TNT:RDX:PETN) of explosives showing an increased volume ratios of TNT sample solution from 1:1:1 to 15:1:1. (b) Normalized PCDS spectra of ternary mixtures (TNT:RDX:PETN) of explosives showing an increased volume ratios of RDX sample solution from 1:1:1 to 1:15:1. (c) Normalized PCDS spectra of ternary mixtures (TNT:RDX:PETN) of explosives showing an increased volume ratios of PETN sample solution from 1:1:1 to 1:1:15. (d) Relative mass ratios of two other explosive molecules with respect to the relative mass ratio of increasing explosive molecule. The straight lines are the linear fit of the relative mass ratios for TNT (black), RDX (green), and PETN (red), respectively. The LOR based on the LOD for each explosive molecule is determined at the intersection of the straight line and the minimum relative mass ratio divided by each LOD for the other explosives with a signal-to-noise ratio of 3.](srep01111-f4){#f4}
